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DEEP AND CORTICAL GRAY MATTER VOLUMETRY OF 
EXTREMELY LOW GESTATIONAL AGE AND FULL TERM 
NEWBORN CHILDREN AT 9 TO 11 YEARS OF AGE 
DI SHAO 
ABSTRACT 
Purpose: Extremely low gestation age newborns (ELGANs) are at high risk for 
developmental brain abnormalities. This study is to determine deep and superficial gray 
matter volumetric abnormalities of ELGAN children and full term children at 9 to 11 
years of age. 
Methods: High-resolution magnetic resonance imaging (MRI) scans were obtained from 
160 ELGAN children (70 males and 90 females) and 30 full term children (15 males and 
15 females) using a dual-echo turbo spin-echo (DE-TSE) pulse sequence at 3.0T (or 1.5T 
at only one site). The DICOM MR images were processed with quantitative MRI 
algorithms programmed in Mathcad. The brain deep gray matter (dGM) was manually 
segmented; dGM and cortical gray matter (cGM) volumes were quantified using semi-
automated clustering segmentation algorithms. 
Results: ELGAN children had smaller deep gray matter volume (41.86 ± 7.42 ml) than 
full term children (49.24 ± 10.91 ml). Deep gray matter volumes of ELGAN children 
showed similar distribution range (SD = 7.42 ml) with the full term children (SD = 10.91 
ml). About 83% of the ELGAN children had smaller deep gray matter volumes compared 
to the average volume of full term children at the same ages. Male children had smaller 
deep gray matter volumes in ELGAN (42.77 ± 7.09 ml) than in full term (51.74 ± 9.76 
		 vi 
ml), but female children had similar deep gray matter volumes in ELGAN (41.14 ± 7.62 
ml) with full term (44.27 ± 7.56 ml). Additionally, smaller deep gray matter volumes 
were observed more often in males (90%) than in females (65%). Cortical gray matter 
volumes of ELGAN children distributed from 345.60 to 1177.50 ml. Moreover, female 
ELGAN children had smaller cortical gray matter volumes (828.14 ± 147.61 ml) than 
males (883.13 ± 151.34 ml). Correlation analysis revealed a positive correlation between 
cerebral deep gray matter volumes and total gray matter volumes (total: r = 0.57, 
p<0.0001; male: r = 0.542, p < 0.0001; female: r = 0.587, p < 0.0001). 
Conclusion: Male ELGAN children had smaller brain deep gray matter volumes than full 
term children at ages of 9 to 11 years, but not females. Cortical gray matter volumes of 
female ELGAN were smaller than male ELGAN. Smaller deep gray matter volumes were 
associated with smaller total gray matter volumes in ELGAN children. 
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INTRODUCTION 	
Preterm children are born before 37 weeks of gestational age. Extremely low 
gestational age newborns (ELGANs) are born before 28 weeks of gestational age 1. 
Approximately 32,000 ELGANs are born in U.S. each year, and the survival rate of 
ELGANs increased because of the advances of new technologies for perinatal and 
neonatal care. As a result, long-term neurodevelopment problems in ELGANs become a 
major health issue, the high rates of neurological and developmental problems were 
reported recently in survivors of these ELGAN children 2,3. 
ELGAN studies were focused on investigating the abnormalities in these preterm 
children and started since 2002 in U.S. ELGAN-1 study enrolled 1506 infants from 14 
hospitals in five states 4, and it was designed to identify neonatal biomarkers, including 
proteins, microorganisms, hormones and lesions 5-9. ELGAN-2 study is based on the 
results of ELGAN-1. One part of the goals of ELGAN-2 study is providing a strategy to 
prevent preterm or treat brain damage according to the biomarkers, which were found in 
ELGAN-1 studies. The other part is testing the hypothesis that changes of brain volume 
of white matter, superficial, and deep gray matter predict neurocognitive impairments, 
neurobehavioral disorders, and neurological disorders. 
Ultrasound was used to detect brain abnormality in previous ELGANs studies 
10,11. But, because of high variability and low sensitivity, it is less reliable and unable to 
provide details of brain damage information 11. Magnetic resonance imaging (MRI) is a 
powerful diagnostic tool for visualization of soft tissue, therefore allows for high 
resolution imaging of the central nervous system. Hence, it is much more sensitive than 
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ultrasound in detecting brain development abnormalities in children 12,13. Particularly, 
quantitative MRI (qMRI) generating volumetric measurements of cerebral gray matter 
(GM) and white matter (WM) has been the most active field in brain development studies 
in the neonatal period and school age children 14,15; Quantitative MRI of the brain: 
measuring changes caused by disease. John Wiley & Sons; 2005). For the purposes of 
characterizing brain development and maturation in children, multi-parameters qMRI 
technique make use of morphology, the changing shape or conformation of anatomical 
structures, as well as volumetric changes to provide insight into the macroscopic and 
microscopic structural and texture changes during brain development 16. Therefore, qMRI 
can be used to delineate the characteristics of brain development abnormalities in 
ELGAN children. 
Gray matter is a major component of the central nervous system, consisting of cell 
bodies, neuropil, glial cells, synapses and capillaries 17-19. It is divided by cortical gray 
matter (superficial gray matter) or subcortical gray matter (deep gray matter) 17,19. Deep 
gray matter is associated with multiple functions including cognition, emotion, control of 
voluntary motor movements, routine behaviors, procedural learning etc. 20,21. Recent 
studies found that ELGAN children had high risks for neurodevelopment difficulties, 
including motor and cognitive deficits, as well as social and emotional difficulties in their 
childhood 10,22,23,24,25,26,27,28. These findings indicate that deep gray matter may play an 
important role in children brain development. Deep gray matter has seven subcortical 
regions, including amygdala, hippocampus, nucleus accumbens, caudate nucleus, 
putamen, pallidum and thalamus 21. During fetal brain development, changes of the deep 
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gray matter structures and volume are obvious 21,29,30,31,32,33. Moreover, deep gray matter 
developmental regularities have great value in the evaluation of the total brain function, 
and it is an important target of ELGAN study. Previous study of human deep gray matter 
structures mainly focused on histology, and little has been reported by MRI with three-
dimensional visualization 32,34. The three-dimensional visualization model and 
quantitative measurements of the deep gray matter structures is need to be investigated in 
ELGAN children. 
In this study, we used MRI data acquisition and post-acquisition processing 
techniques to measure quantitatively the brain deep gray matter volumes of 160 ELGAN 
children (71 males and 89 females) and 30 full term children at ages of 9 to 11 years, 
together with superficial gray matter volumes of 160 ELGAN children. We hypothesize 
that ELGAN children at these ages have abnormal deep and superficial gray matter 
volumes and there are volumetric differences between females and males. To test our 
hypothesis, we measure the volumetric distribution of deep and superficial gray matter, 
and further analyze the relationships among females and males of superficial and deep 
gray matter volumes. 	  
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BACKGROUND 
 
1. Magnetic resonance imaging (MRI) 
1. 1.1 A Brief History of MRI 
The Rotating Magnetic Field was discovered by Nikola Tesla in 1882. This was a 
fundamental discovery in physics 35,36. Isidor Rabi observed the quantum phenomenon 
dubbed nuclear magnetic resonance (NMR) in 1937 (The Nobel Prize in Physics 1944: 
Isidor Isaac Rabi. http://nobel- prize.org/Nobel prizes/physics/laureates/1944/index.html 
(accessed Jan 2008)). In 1973, Paul Lauterbur produced the first NMR image (The Nobel 
Prize in Physiology or Medicine 2003: Paul C. Lauterbur and Sir Peter Mansfield. 
http://nobelprize.org/nobel_prizes/medicine/laureates/2003/ (accessed Jan 2008)). In 
1971, Raymond Damadian showed that nuclear magnetic relaxation times of tissues and 
tumors differed motivating scientists to use MRI to study disease 37. Nearly five hours 
after the start of the first MRI test, the first human scan was made as the first MRI 
prototype in 1977 38,39. Jean Janeer envisioned the possibility of two-dimensional NMR 
in 1971 (Jeneer, J. NMR excitation with two pulses. In Ampere International Summer 
School; Basko Polje:  Yugoslavia). Modern multidimensional NMR methods were 
realized in the 1980s 40, 41,42. 
2. 1.2 How MRI Works? 
Magnetic Resonance Imaging (MRI) is a medical diagnostic technique that 
creates images of the human body using the principle of nuclear magnetic resonance.  
The MR scanner is composed of three major components: 1) A strong magnet which 
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produces a homogeneous strong main magnetic field. 2) Magnetic field gradient coils that 
are able to produce a magnetic field which varies in field strength along a certain 
direction. Three gradient coil configurations produce magnetic field gradients in one of 
the three orthogonal directions (x, y, z), and thereby create an image slice over any plane 
within the body. 3) A radiofrequency (RF) coil which is able to produce and/or receive an 
electromagnetic wave 43,44. MRI technique can generate thin-section images of any part 
of the human body from any angle and direction. Firstly, MRI creates a steady state of 
magnetism by placing the body in a steady magnetic field.  Secondly, the MRI stimulates 
the body with radio waves (RF pulse) to change the steady state orientation of protons.  
Thirdly, the MRI machine stops the radio waves and registers the body's electromagnetic 
transmission.  Fourthly, the transmitted signals are used to construct internal images of 
the body by computer. The sequence of excitation and signal of reception can be repeated 
while different magnetic field gradients are applied to encode the MR signal spatially. 
There are three different spatial encoding steps: 1) Slice selection: The gradient coils 
altered the field strength and the processional frequency at points along the corresponding 
axes, and then by transmitting a selected band of RF frequencies to selectively excite the 
nuclei which process in that particular frequencies. 2) Frequency encoding: The signal 
coming from the selected slice must be spatially located along both axes of the image, 
locating the signal along the long axis of anatomy is done by frequency encoding. 3) 
Phase encoding: The location of the signal along the other axes is achieved by phase 
encoding. Encoded MR signals are transformed using Fourier transform and reconstruct 
the MR image 44,45. 
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Magnetic Resonance Imaging is a powerful diagnostic tool for visualization of 
soft tissue, therefore allows for high resolution imaging of the central nervous system. 
Neurologists depend a great deal on MRI for accurate diagnostic of the central nerve 
system.  In addition, other medical specialties that rely upon the MRI technology include 
neurosurgeons, orthopedic surgeons and chiropractors.  The use of MRI technology will 
is constantly increasing worldwide because of the tremendous significance in modern 
medical diagnosis 45. 
3. 1.3 Quantitative MRI (qMRI) and Applications in Brain Development 
The notion of quantitative MRI first surfaced in the 1980’s, as physicists 
measured the NMR properties of tissue (proton density, T1 and T2), attempting to use 
these to characterize biological tissue, in order to differentiate different tissues on the 
basis of these parameters. Since then varies strands have emerged, creating a new and 
evolving paradigm called ‘quantitative MR’ 37. Theoretically, it is possible to use a 
longitudinal relaxation time T1-weighted, transverse relaxation time T2-weighted images. 
However, due to the inhomogeneity of the radiofrequency field, the image uniformity in 
these images is so poor that in practice an insufficient accuracy is obtained. A better 
performance in terms of accuracy is reached by using quantitative images such as T1-
maps, T2-maps. The principal tissue parameters that have become candidates for 
quantitative biomarkers are Proton Density (PD), which largely corresponds to water 
content, T1, T2, diffusion and its tensor, magnetization transfer ratio (and so called 
‘quantitative MT’), spectroscopy (which enables metabolite concentrations to be 
measured), dynamic T1-weighted MRI (used to measure uptake of contrast agents and 
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the transfer constant Ktrans particularly in tumors), dynamic T2 (*) weighted MRI (for 
blood flow and volume), and blood flow using Arterial Spin Labelling (ASL). Image 
analysis techniques include volume, histograms and texture. The MRI scanner is no 
longer seen as a camera, but a scientific measuring instrument 37,46. The generation of 
qMRI parameter maps is currently possible with standard clinical MRI scanners using an 
image acquisition protocol. Magnetic Resonance properties of tissues can be quantified in 
several respects: relaxation processes, density of imaged nuclei, magnetism of 
environmental molecules, etc. qMRI parameters represent physic-biologic tissue 
quantities using scientific standard units of measurement, such as seconds, g/cm etc., 
unlike traditional MRI pixel values which are not scientific and standardized. Therefore, 
qMRI parameters are a more precise and direct reflection of tissue structure than 
traditional qualitative pixel values. As a result, imaging information derived with qMRI 
has a high degree of consistency, which can be standardized with minimal inter- and 
intra-site variance among different scanner platforms. Consequently, qMRI is becoming 
the preferred technique for multisite and multiplatform studies 47. 
Multi-parametric qMRI based on the properties of brain has been a most active 
field in medicine and physics research 40,48. qMRI permit researchers to generate imaging 
information that are used to assess both qualitative brain tissue integrity (abnormal signal) 
and quantitative measures of brain gray and white matter (hydration level, anisotropy and 
volumetrics) 40,49. qMRI techniques provide a unique window for studying early brain 
development in the neonatal period and school age children 50,51. For the purposes of 
characterizing brain development and maturation, the available techniques make use of 
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morphology, the changing shape or conformation of anatomical structures, as well as 
volumetrics to provide insight into the macroscopic and microscopic structural and 
texture changes during brain development 16. 
2. Brain Composition and Development 
4. 2.1 Human Brain Composition 
The human brain is composed of more than one hundred billions of neurons and 
neuron fibers 52. Neurons are the information processing cells, which connect with each 
other via neuron fibers to build up the information processing systems that are 
responsible for all of our thoughts, sensations, feelings and actions. There are many 
different kinds of neurons such as multipolar neuron, bipolar neuron, pseudo-unipolar 
neuron and unipolar neuron. They vary in their size and shape as well as in their function 
17. Structure of a typical mammalian neuron includes cell body, Schwann’s cell, node of 
Ranvier, myelin sheath and connecting fibers (axons and dendrites). The neuron 
connection site between the axon and the target neuron is called synapse. The most 
important and largest brain information processing networks are cortex and subcortical 
nuclei. Because of containing the cell bodies of neurons and are gray in appearance, they 
are called “gray matter” 17. Neuron fibers extend from cell bodies and connect to other 
neurons. Dendrites are short fibers extend a short distance that receive the 
electrochemical input signals from other neurons, but axons are long fibers extend over 
long distances make connections with other neurons by sending electrochemical signals. 
Bundles of axons within one region of the brain from many different neurons form fiber 
tracts that make connections with groups of neurons in other regions of the brain forming 
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the information processing networks. Axons wrapped in fatty substance (myelin) make 
the transmission of electrochemical signals more efficient. Myelin is white in appearance, 
thus fiber pathways of brain are called “white matter”. A series of interconnected cavities 
that form the ventricular system of the brain locate at the center of the brain. The cavities 
are filled with cerebral spinal fluid (CSF) that is recycled several times per day. The CSF 
system has a number of important functions including cushioning, protection of the brain, 
removal of waste material, and transport of hormones and other substances 17. 
5. 2.2 Brain Development in Embryonic and Fetal Periods 
Brain development during the perinatal period is rapid and divided to two major 
periods including embryonic and fetal period. The embryonic period begins at conception 
and extends through 8 weeks of gestation (GW8). By the end of the embryonic period the 
basic structures of the brain and central nervous system are established and the major 
compartments of the central and peripheral nervous systems are formed. The fetal period 
extends from 9 weeks of gestation (GW9) through the end of gestation. During the period 
of 25 to 40 weeks gestation (GW25-GW40), the cerebral cortex progresses from a 
lissencephalic state having only a rudimentary central and parietal-occipital cortex to the 
highly convoluted sulcation pattern of the adult brain,  and has begun to form essential 
brain networks for information processing 17,53,54. 
Neuron formation: At the end of gastrulation the cells located along the midline of 
the upper layer of the embryo have transformed into neural progenitor cells. The neural 
structure, neural tube containing the neural progenitor cells forms during the third week 
of gestation. Neuron production begins in the embryonic period on embryonic day 42 
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(E42). The neural progenitor cells increase the size and mitotic divide to form neurons 
and extend through mid-gestation and complete by approximately embryonic day 108 
(E108) in most brain areas 17,18,55. 
Neuron migration and differentiation: Neurons migrate into the developing 
neocortex results in the formation of an orderly six layered structure 56. Different layers 
of neocortex contain different types of neurons. Neural progenitor cells can produce any 
neuron type in early cortico-genesis, but during development, the progenitor cells lose the 
capacity to generate those cells and turn to fate restriction 57. When they migrate to their 
target region of cortex, the young neurons receive specific signal from the environment 
and become part of information processing network. The neurons develop neuronal 
processes (axons and dendrites), which allow them to communicate with other neurons. 
Once the axon reaches its target, connections called synapses are formed. Synapses allow 
for the transmission of electrochemical information, which is the essential means of 
communication in the brain 17. 
6. 2.3 Brain Development in Postnatal Period 
Neurons production and migration are major prenatal events, but glial progenitors 
(particularly oligodendrocyte progenitor cells (OPCs)) continue for an extended period 
after birth, differentiation and maturation continue throughout childhood. Although 
neurogenesis continues to only a very limited degree in the postnatal period, but small 
population new neurons in the subventricular zone and dentate gyrus of hippocampus 
continue to emerge and migrate throughout adult life 58. 
Myelination: After OPC reaches its destination, it begins to differentiate and 
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produce myelin protein for its extending processes. The processes begin to form 
membrane wraps around nearby axons. Eventually the oligodendrocyte forms tightly 
wrapped multi-layered sheaths, from which most of the cytoplasm has been extruded 17. 
Myelination gradually slows down until early adulthood. Most of the axon myelination is 
completed in the first year after birth. Neuron axon longitudinal growth and myelination 
contribute to the white matter growth and volume of the brain during childhood 59. 
Apoptosis: Apoptosis is a process of programmed cell death. Neural apoptosis has 
its peak during prenatal period, but glial cells have time course corresponding to the 
protracted postnatal time course of differentiation from glial precursors. Many excess 
oligodendrocytes undergo apoptosis after differentiating during the period of initial 
myelination. Almost half of the neurons produced during neurogenesis undergo apoptosis 
or naturally occurring cell death by the end of adolescence 59,60. 
Synaptogenesis and pruning: Brain development overproduces neurons and glial 
cells, neural processes and synapses during the late prenatal and early postnatal period. 
This period of synaptic overproduction called synaptogenesis is followed by a period of 
synaptic pruning. The time course for synaptic blooming and pruning varies in different 
regions in human brain. The peak of synaptic overproduction in the visual, auditory and 
language cortex occurs at about the fourth postnatal month, followed by a gradual 
retraction until to the end of the preschool age. The peak of synaptic overproduction in 
prefrontal cortex, which is responsible for higher cognitive functions, occurs at around 
one year of age, and then the density of synapses reduces gradually to the adult level at 
late adolescence 61. 
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7. 2.4 Gray Matter Development 
Human brain size increases by 100% during the first year of postnatal life, and 
reaches 73% of adult size at that time. During ages 6 to 10 the brain size reaches 
approximately 95% of the volume of the adult brain 19,62. The total brain white matter 
(WM) volume changes linearly during ages 4 to 21, but gray matter (GM) has region-
specific changes. Frontal and parietal GM increase until 11-12 years while the temporal 
lobe GM grow until 16 years and occipital lobe GM increases linearly over the whole age 
range 19,63. 
Gray matter is a major component of the central nervous system, consisting of cell 
bodies, neuropil, glial cells, synapses and capillaries. It is divided by cortical gray matter 
(superficial gray matter) or subcortical gray matter (deep gray matter) 17. Deep gray 
matter has seven subcortical regions, including amygdala, hippocampus, nucleus 
accumbens, caudate nucleus, putamen, pallidum and thalamus 21. During fetal brain 
development, changes of the deep gray matter structures are obvious, and their 
developmental regularities have great value in the evaluation of the total brain 
21,29,30,31,32,33. Deep gray matter is associated with multiple functions including cognition, 
emotion, control of voluntary motor movements, routine behaviors, procedural learning 
etc. 20,21. Previous study of human subcortical gray matter structures mainly focused on 
histology, and little has been reported by MRI with three-dimensional visualization 32,34. 
The three-dimensional visualization model and quantitative measurements of the 
subcortical gray matter structures is still need to be investigated. 
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3. The Extremely Low Gestational Ages Newborn (ELGAN) Study 
WHO defined babies born alive before 37 weeks of gestational age as preterm. 
There are sub-categories of preterm birth, based on gestational age: moderate or late 
preterm (32 to <37 weeks); very preterm (28 to <32 weeks); extremely preterm (<28 
weeks) 1. Around 32,000 infants are born before the 28th week of gestation each year in 
U.S. The survival rate of extremely low gestational ages newborns (ELGANs) increased, 
but the high rates of neurological and developmental problems reported in survivors of 
these ELGAN children 2,3. 
The ELGAN-1 study is the largest study of ELGANs in US. During the years 
2002 to 2004, women delivering before 28 weeks’ gestation in 11 cities from 14 hospitals 
in 5 states were asked to enroll in the ELGAN-1 study. A total of 1506 infants, born to 
1249 mothers, were enrolled and 1198 survived to age 10 years 4. The major goal of 
ELGAN-1 study was identifying neonatal biomarkers including proteins in the blood, 
microorganisms in the placenta and histological lesions and hormones in placenta etc. 5,6. 
The results show that systematic inflammation is associated with increased risk of 
perinatal brain damage and neurological abnormalities and impaired cognitive function 
and cerebral palsy in preterm children 7,8. There are several proteins in blood including 
CRP, SAA, IL-6, TNF-alpha, IL-8, IL-beta, MIP-1beta, ICAM-1, E-SEL and IGFBP-1 
are related with increased risk of Bayley Mental Development Index (MDI)<55 5,8. In the 
placenta of mothers of ELGANs, inflammation and four kinds of lesions were found 9; 
lower placenta corticotropin-releasing hormone (CRH) is associated with high risk of 
brain damage. 
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ELGAN-2 study is designed based on the results of ELGAN-1. Researchers 
expect to provide a strategy to prevent preterm or treat brain damage according to the 
biomarkers that were found in ELGAN-1 studies. Part of ELGAN-2 study is to test the 
hypothesis that changes of MRI brain volume of white matter, superficial, and deep gray 
matter predict neurocognitive impairments, neurobehavioral disorders, and neurological 
disorders. 	 	
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MATERIALS AND METHODS 	
1. Subjects and Ethics 
Thirty subjects including 15 males and 15 females from full term children ages 9 
to 11 years have been analyzed in this thesis. The average age of these participants is 10 
years. 160 subjects including 70 males and 90 females from an ELGAN-2 sub-cohort 
have been scanned at various ELGAN-2 clinical sites at age 9 to 11 years, and haven 
been investigated in this thesis. All ELGAN children were born at extremely low 
gestation age (<28 weeks). The average age of the participants is 9.8 years. Study 
subjects’ medical records showed that all participants were given consent by their parents 
or guardians. Patient’s confidentiality was protected following the National Institutes of 
Health Insurance Portability and Accountability Act guidelines. The institutional review 
board of Boston University approved the study protocol. 										
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2. MR Image Acquisition 
Table 1. Key parameters DE-FSE pulse sequences. 
All MR exams were performed at 3T or 1.5T with scanners from General Electric, 
Philips Medical Systems, and Siemens using a phased array coil for signal reception and 
the quadrature body coil for radiofrequency excitation. For ELGAN participants, the dual 
fast/turbo spin echo (DE-FSE) and IR Dual-echo-FSE (IR-DE-FSE) pulse sequence were 
used in axial imaging plane. The protocol consists of a primary three-plane localizer 
followed by a high resolution multispectral quantitative MRI (qMRI). Images are 
transmitted as DICOM images to the image processing laboratory of the department of 
radiology at Boston Medical Center for further qMRI analysis. The DE-FSE pulse 
Parameter ELGAN Full term 
Repetition time (TR) (ms) ∼ 11000 ∼ 3500 
First effective echo time  (TE1) (ms) 6.3 − 10 12 − 17 
Second effective echo time  (TE2) (ms) 100 − 107 107 − 120 
Echo train length (ETL) 16 − 20 8 
Slice thickness (mm) 3 2 − 3 
Matrix  256 256 
Pixel spacing ∼ 0.9375 ∼ 0.9375 
Rectangular field of view (RFOV) (mm) 
Scan time (min) 
0.85 
4-5 
∼ 0.675 
4-5 
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sequence key parameters used for the MRI protocol of ELGAN and full term subjects are 
described in Table 1. 
3. MRI Processing 
All generated images were sent in DICOM format to the Image Processing 
Laboratory of the Department of Radiology (BMC). These DICOM sets were read into an 
EfilmTM workstation and exported as DICOM files separately for each protocol-pulse 
sequence. The DICOM headers were removed by Image-J (http://imagej.nih.gov/ij/). 
Finally, quantitative maps were generated on a pixel-by-pixel basis according to the 
mono-exponential function: 
𝑇2 = (𝑇𝐸1− 𝑇𝐸2)ln(𝑆𝐼2𝑆𝐼1)  
where S1 and S2 were the signals obtained at TE1 and TE2, respectively. The brain was 
segmented using a dual-clustering segmentation algorithm in an in-house Mathcad 2001i 
(PTC, Needham, MA) program. 
For each of the primary tissue type segments, the histograms of all subjects were 
stored in a single Excel TM file that is structured as follows: one worksheet per qMRI 
parameter. Each of the Excel files serves as input to an already developed program 
written in Mathcad that performs gaussian deconvolution on the stored histograms. It 
generates as output the volumetric and spectral characteristics of each resolved histogram 
per tissue type. 
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4. Statistical Analysis 
Total gray matter volume was defined as the sum of deep gray matter volume and 
cortical gray matter volume. Distribution analysis of the deep gray matter volume and 
cortical gray matter volume was performed in Graphpad. Correlation analysis between 
deep gray matter volume and total gray matter volume was conducted in Microsoft Excel 
using the function of statistic tool. Correlation coefficients (r) are given with p values 
(<0.05) to accept or reject significant correlations of deep gray matter volume with total 
gray matter volume. 
F test was done using Microsoft Excel. Power analysis was done using the 
following formula: 
𝑑 = 𝑡 𝑛! + 𝑛!𝑠𝑞𝑟𝑡 𝑁 − 2 𝑠𝑞𝑟𝑡(𝑛!𝑛!) 
N=total # of subjects, n1= # of subjects in group 1, n2= # of subjects in group 2 and sqrt= 
square root 
The mean volumes and standard deviations of ELGAN and full term children 
were calculated using the following formula: 
𝑀𝑒𝑎𝑛 (𝑀) = 𝑀1𝑛1+𝑀2𝑛2𝑛1+ 𝑛2  
M is mean of males and females. M1 and M2 are the means of male and female 
respectively. N1 and n2 are numbers of male and female respectively. 
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𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑆  
= 𝑛!!𝑠!! + 𝑛!!𝑠!! − 𝑛!!𝑠!! − 𝑛!!𝑠!! − 𝑛!!𝑠!! + 𝑛!!𝑠!! + 𝑛!𝑛!!𝑠!! + 𝑛!𝑛!!𝑠!! + 𝑛!𝑛!(𝑀1 −𝑀2)!(𝑛1 + 𝑛2 − 1)(𝑛1 + 𝑛2)  
S is the standard deviation of both male and female; M1 and M2 are the means of male 
and female individually; n1 and n2 are numbers of male and female individually; s1 and s2 
are standard deviations of male and female individually. 
The normalization of mean volumes of deep and cortical gray matter by gender is 
calculated according to the following formula: 
𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑚𝑒𝑎𝑛 𝑀! = 𝑀!! 𝑚! +𝑚! +𝑀!!(𝑛! + 𝑛!)𝑚! +𝑚! + 𝑛! + 𝑛!  
Mx1 and Mx2 are the mean of gray matter volumes of males and females individually. m1 
and m2 are the number of male of ELGAN and full term children individually. n1 and n2 
are the number of female of ELGAN and full term individually. 
Student’s t-test was used to test the difference between two independent means using the 
following formula: 
𝑡 = 𝑀1−𝑀2( 1𝑛1+ 1𝑛2)( 𝑛1− 1 𝑆1! + (𝑛2− 1)𝑆2!𝑛1+ 𝑛2− 2 ) 
M1 and M2 are the means for two independent populations. n1 and n2 are the numbers of 
population 1 and population 2 individually. S1 and S2 are standard deviations of the two 
different means. p value < 0.05 is significant. 		  
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RESULTS 
 
1. Segmentation of Deep Gray Matter from Brain 
 
Deep gray matter was manually segmented using image J with segmentation 
plugin (https://imagej.nih.gov/ij/plugins/). A set of bilateral segments images was 
created. For cerebral segments, the histograms of qMRI parameters were generated in 
	
 
 
Figure 1. Segmentation Schemes of deep gray matter and cortical gray 
matter. Deep gray matter is segmented using image j software. Cortical gray 
matter is segmented from whole gray matter subtracting deep gray matter. 
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Mathcad. Gray matter was separated from white matter using qMRI threshold 
according to the Gaussian deconvolution on the parameters histograms. Volumetric 
measures of deep gray matter were obtained using Mathcad. Cortical gray matter 
volumes were calculated from subtracting deep gray matter from total gray matter 
volumes (Figure 1). 
  
 
 
Table 2. Summary of full term and ELGAN children deep gray matter, cortical 
gray matter volumes and total gray matter volumes at age 9-11. Student t test 
was used. ** p<0.01 vs. full term males dGM; ## p<0.01 vs. full term children 
dGM; * p<0.05 vs. males cGM; $$ p<0.01 vs. full term males dGM; $ p<0.05 vs. 
ELGAN males tGM. 	
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2. Gray matter Volumes 
Volumetric analysis of total gray matter, deep gray matter volumes and cortical 
gray matter volumes using Mathcad were performed in the 160 ELGAN children (70 
	
	
Figure 2. Distribution of ELGAN Deep Gray Matter Volumes. Cerebral deep 
gray matter volumes of ELGAN children shows nearly Gaussian distribution with 
wide range. Dotted blue line indicates the mean deep gray matter volumes (Left 
Panel). Volumes changes of deep gray matter are shown on right panels. 	
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males and 90 females) and 30 full term children (15 males and 15 females) at 9 to 11 
years of age. As shown in Table 1, the average volume of deep gray matter in ELGAN 
children is 41.86 ± 7.42 ml, which is smaller than full term children (49.24 ± 10.91 ml) 
(p<0.001). Of important, male children have much smaller deep gray matter volumes in 
ELGAN (42.77 ± 7.09 ml) than in full term (51.74 ± 9.76 ml) (p<0.001), however, 
female children have similar deep gray matter volumes in ELGAN (41.14 ± 7.62 ml) with 
full term (44.27 ± 7.56 ml). Moreover, the average volume of cortical gray matter in 
female ELGAN children is 828.14 ± 147.61 ml, which is smaller than males (883.13 ± 
151.34 ml). Meanwhile, total gray matter volume of female ELGAN children (873.25 ± 
148.29 ml) is smaller than male ELGAN children (923.85 ± 156.97 ml). 
3. Distribution of Gray Matter Volumes 
By analyzing the distributions of deep gray matter volumes in ELGAN children — 
as shown in Figure 2 — we found the deep gray matter volumes of total ELGAN 
children are from 21.38 to 58.97 ml, male ELGAN children is from 28.37 to 58.97 ml, 
and female ELGAN children is from 21.38 to 57.43 ml. Compared with ELGAN 
children, deep gray matter volumes of full term children have similar distribution if get 
rid of a outlier, which is from 28.9 to 63.9 ml, male ELGAN children is from 41.50 to 
63.9 ml, and female ELGAN children is from 28.90 to 62.30 ml (Figure 3). As shown in 
Figure 2C left panel, about 83% of ELGAN children have deep gray matter volumes 
below the mean volume of full term children (blue line). Additionally, smaller deep gray 
matter volumes are observed more often in males (90%) than in females (65%) (Figure 2 
left panel)	
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Cortical gray matter volumes of ELGAN children also cover a wide range of 
distribution from 345.60 to 1177.50 ml, male ELGAN children is from 458.90 to 1177.50 
ml, and female ELGAN children is from 345.60 to 1113.8 ml (Figure 4).  
  
	
Figure 3. Distribution of Full Term Deep Gray Matter Volumes. Cerebral deep 
gray matter volumes of full term children show nearly Gaussian distribution with 
wide range (Left Panel). Volumes changes of deep gray matter are shown on right 
panels. 	
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 Moreover, female ELGAN children have smaller cortical gray matter volumes  
(828.14 ± 147.61 ml) than males (883.13 ± 151.34 ml). Additionally, the distribution 
range of total gray matter volumes is from 366.99 to 1233.51 ml, male ELGAN children 
is from 487.74 to 1233.51 ml, and female ELGAN children is from 366.99 to 1147.12 ml 
(Figure 3). Female ELGAN children have smaller total gray matter volumes (873.25 ± 
	
Figure 4. Distribution of ELGAN Cortical Gray Matter Volumes. Cerebral 
cortical gray matter volumes of ELGAN children show nearly Gaussian distribution 
with wide range (Left Panel). Volumes changes of deep gray matter are shown on 
right panels. 
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148.29 ml) than males (895.49 ± 153.75 ml) (p< 0.01) (Table 2 and Figure 5). 
 
 
 	  
	
Figure 5. Distribution of ELGAN Total Gray Matter Volumes. Cerebral 
cortical gray matter volumes of ELGAN children show nearly Gaussian 
distribution with wide range (Left Panel). Volumes changes of deep gray matter 
are shown on right panels. 
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4. Correlation Analysis of deep gray matter and total gray matter 
We used correlation analysis to study the relationship of deep gray matter 
volumes with total cerebral gray matter volumes. Deep gray matter volumes of ELGAN 
	
 
Figure 6. Correlation Analysis of Deep Gray Matter and Total Gray Matter. 
The scatterplot shows the volumes of cerebral deep gray matter volumes changing 
with cerebral total gray matter volumes in ELGAN children. Deep gray matter is 
positively correlated with cerebral total gray matter in both males and females 
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children are positively correlated with total gray matter volumes (r = 0.57, p<0.0001) 
(Figure 4C). In both males and females of ELGAN children, correlation analysis reveals 
positive correlation between deep gray matter and total gray matter volumes (male: r = 
0.542, p < 0.0001; female: r = 0.587, p < 0.0001) (Figure 6A and 6B). 
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DISCUSSION 
 
In this study, we used quantitative MRI to measure deep gray matter, cortical gray 
matter and total gray matter volumes in ELGAN children and full term children. We 
found ELGAN children have smaller deep gray matter volumes than full term children, 
especially in male ELGAN children. In full term children, females have much smaller 
deep gray matter volumes than males. However, in ELGAN children, females have 
similar deep gray matter volumes with males. Deep gray matter volumes are positive 
correlated with total gray matter volumes in ELGAN children. This crucial finding 
indicates that deep gray matter volume abnormalities may have an effect on ELGAN 
children gray matter development, especially in male children. 
Recently, a number of studies reported outcome data from multiple institutions 
and eras, the smallest and most premature infants are always at greatest risk of poor 
neurodevelopment, and brain volumes abnormalities 4,64,65,66,67. Brain gray matter 
volumes reduction was found in preterm neonates or in preterm children less than 2 years 
old 15,25,68,69,70,71. Additionally, the volume of gray matter was found significantly positive 
associated with gestational age 68. Consistently, our finding confirmed that total gray 
matter is decreased in ELGAN children at 9-11-year-old (Table 2). 
Deep gray matter volumes of forty preterm infants at a mean of 29.5 weeks and 
eight term-born infants at a mean of 42.5 weeks were investigated and found significantly 
smaller in preterm children 72. Regional gray matter volumes including deep gray matter 
volume were also found abnormalities in 22 children aged between 6 and 14 years with a 
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history of preterm birth 67. Cross-sectional MRI study of deep gray matte volume 
demonstrated it is decreased in 2 weeks-44 weeks of age preterm children 73. Our 
investigation focused on 160 aged 9 to 11 years ELGAN children, and consistent with 
previous finding, deep gray matter volume was decreased in these children (Table 2 and 
Figure 2). 
Recently, male premature infants were reported at increased risk of poor 
neurodevelopment compared with females. Rehospitalization rate showed differences 
between girls and boys during the first 2 years of life. The percentage of all admissions 
was significantly lower in girls than in boys 66. Among 2 to 3 years old infants, males 
were found more likely to have functional disability in general quotient or mental 
developmental index than girls 66. Some follow-up studies in early childhood also 
reported higher rates of neurologic and early cognitive impairment in boys compared 
with girls 64,65,66,74,75,76,77,78,79. Stevenson DK et al. demonstrated that some of these 
increase in risk may be attributable to higher rates of neonatal morbidities among boys 80. 
A recent study compared the prevalence of cognitive, neurologic, and behavioral 
outcomes from 428 girls and 446 boys who were born extremely preterm at 10 years old, 
boys had a higher prevalence of impairment than girls in measures of cognition abilities, 
were more than twice have microcephaly, and more often have motor impairment 3. 
Preterm boys had lower scores than girls on assessments of cognition and reading 
achievement at 11-year-old was also reported in United Kingdom 51,81. However, the 
evidence for gender differences in long-term outcomes in extremely low birth preterm 
children is still needed further investigation. Consistent with the findings of sex 
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differences, we have shown that ELGAN boys had markedly smaller deep gray matter 
volumes than girls (Table 1). Moreover, smaller deep gray matter volumes were observed 
more often in boys (90%) than in girls (65%) (Figure 2). 
The neurodevelopmental disabilities in ELGAN children including cerebral palsy, 
mental retardation, and visual and hearing deficits, exist on a spectrum ranging from mild 
involvement (including learning disability, language disability, attention deficit-
hyperactivity disorder and coordination, behavior, and social emotional disorders) to 
profound impairment 82. Deep gray matter was reported has multiple important functions 
in human brain. Amygdala, hippocampus, nucleus accumbens, caudate nucleus, putamen, 
pallidum and thalamus are subcortical structures of deep gray matter 21. Their structures 
are implicated in a wide range of cognitive functions, including working-memory and 
executive 73,83. They also related to motor functions (body and eye movements), affective 
function (emotion and reward) and somatosensory functions 83,84. Deep gray matter 
volume abnormalities may be related to its dysfunction, and the smaller size in males 
could be associated with these neurodevelopment disorders in male ELGAN children 
(Figure 2 and 3). 
There are some limitations in this study. First, the sample size of full term 
children is relatively small in brain development study. This study is also limited by 
having only preterm subjects in cortical gray matte volumes analysis while lack of age- 
and sex-matched normal term controls. In addition, in this study, we only investigated 9-
11-year-old children, a longitudinal study of brain volume differences changed across 
childhood to adolescence could help clarify the trajectory of gray matter tissue 
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development in ELGAN children. Finally, correlation studies of brain gray matter 
volumes and neurodevelopment dysfunctions in ELGAN children, especially between 
different groups (severity of preterm) should be investigated in future to understand the 
potential cause of these differences. 
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CONCLUSION 
 
ELGAN children had smaller deep gray matter volumes than full term children at 
ages of 9 to 11 years. The volume reduction in males contributed to smaller deep gray 
matter volumes in ELGAN children but not females. Cortical gray matter volumes of 
female ELGAN were smaller than male ELGAN. Smaller deep gray matter volumes were 
associated with smaller total gray matter volumes in ELGAN children. 
The volumetric analysis of the developing brain of ELGAN children at 9 to 11 
years of age using qMRI based volumetric provides evidence of persisting brain 
abnormalities at school age. Data are summarized as below: 
1. Male ELGAN children had smaller brain deep gray matter volumes than full 
term children at ages of 9 to 11 years, but not females. 
2. Cortical gray matter volumes of female ELGAN were smaller than male 
ELGAN. 
3. Smaller deep gray matter volumes were associated with smaller total gray 
matter volumes in ELGAN children. 
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